Background: Marek's disease virus (MDV) is a highly cell-associated oncogenic α-herpesvirus that causes a disease characterised by T-cell lymphomas. The pathogenesis, or the nature of the interaction of the virus and the host, in the thymus are still unclear. Results: In this study, we identified 119 differentially expressed proteins using two-dimensional electrophoresis and mass spectrometry from the thymuses of chickens infected with the RB1B strain of MDV. These differentially expressed proteins were found mainly at 21, 28 and 35 days post-infection. More than 20 of the differentially expressed proteins were directly associated with immunity, apoptosis, tumour development and viral infection and replication. Five of these proteins, ANXA1, MIF, NPM1, OP18 and VIM, were further confirmed using real-time PCR. The functional associations and roles in oncogenesis of these proteins are discussed.
Background
Marek's disease virus (MDV) is a highly cell-associated oncogenic α-herpesvirus that leads to serious economic losses in the poultry industry [1, 2] . Marek's disease (MD) is a lymphoproliferative disease characterised by immunosuppression, neurological disorders, and neoplastic T-cell lymphomas in chickens. MD was the first tumour disease to be prevented by vaccination, and thus, provides an important animal model for the study of viral cancer development and immunity [3] .
The primary target cells for MDV infection in the chicken in vivo are B cells, then T cells, and eventually the formation of a T-cell lymphoma occurs [4] . The mechanism of lymphoma formation is very complex and has not yet been clarified. In recent years, the dynamics of hostprotein expression in chicken immune organs have been studied at different phases of MDV infection using twodimensional polyacrylamide gel electrophoresis followed by the identification and characterisation of the proteins by mass spectrometry (MS) [5] [6] [7] . In the spleens of MDV-infected chickens, 61 protein spots representing 48 host proteins have been detected. These proteins are involved in a variety of cellular processes, including antigen processing and presentation, ubiquitin-proteasome protein degradation (UPP), formation of the cytoskeleton, cellular metabolism, signal transduction, and translation regulation [5] . In the bursa of Fabricius, 24 differentially expressed proteins associated mainly with tumour biology, protein folding, signal transduction, immunology, cell proliferation and apoptosis have been successfully identified, and the tumour-associated proteins were significantly increased at 14 and 21 days post-infection (dpi) [6] . Furthermore, 20 proteins have been found to be differentially expressed in the spleen when comparing MD-susceptible B19 and MD-resistant B21 chickens [7] . These studies have characterised the proteomic profiles of the host response to MDV in chickens and are the basis for illustrating the mechanism of MD lymphoma formation. In addition, Niikura et al. found that a lytic infection with MDV up-regulates the cell surface expression of MHC class II infected cells [8] but down-regulates the expression of MHC class II cells in the spleens of MDVinfected chickens [9] .
The thymus is the specific organ in which the maturation and differentiation of avian T lymphocytes take place. Tcell immune suppression and lymphomas due to MDV infection and latent infections are predominantly related to activated CD4+ T lymphocytes. Morimura et al. reported that MDV can induce apoptosis and the down-regulation of CD8 molecules on peripheral CD4+ T cells and the thymus, which could contribute to immune suppression [10] [11] [12] . However, all the changes in the protein profiles that occur after MDV infection have not been reported. Such changes may indicate the nature of the interaction between MDV and host and provide some clues to the pathogenesis of MDV. In this study, 119 proteins that were differentially expressed in the thymus in response to MDV infection were identified by two-dimensional electrophoresis and mass spectrometry techniques at 4, 7, 14, 21, 28, 35 and 42 dpi. These proteins are associated with a wide range of biological processes, including metabolism, immunity, apoptosis, death, tumour development and virus infection and replication. These proteins provide some information for further interpretations of the pathogenesis and oncogenesis of MDV. Figure 2 The analysis of the chicken thymus proteins by two-dimensional gel electrophoresis. Above images represent the proteome of chicken thymus at 21 dpi. The differentially expressed proteins (p ≤ 0.05 and fold change ≥ 2) are marked on the gel. A. Uninfected control thymus. B. MDV-infected thymus.
Results

Pathological changes associated with MDV infection at different stages
The thymus of each chicken displayed severe atrophy at 21, 28 and 35 dpi with RB1B, and the size of the thymus gradually returned to normal at 42 dpi ( Figure 1A) . Compared with the control group, the thymus and body weight parameters of the MDV-infected chickens displayed significant differences at 7, 21, 28 and 35 dpi ( Figure 1B ).
Differential expression in the MDV-infected chicken thymuses at different time points
To obtain protein expression profiles at different time points in the thymus from the MDV-infected and uninfected control chickens, total protein was collected from the thymus specimens, separated by two-dimensional electrophoresis and analysed using PDQuest 8.0.1 software. More than 1000 protein spots could be detected in each gel ( Figure 2 ). In total, 250 protein spots were detected as either quantitatively (p≤0.05 and fold change≥2) or qualitatively differentially expressed (35 that were novel and 20 that were no longer visible) in the thymus.These spots were predominantly identified at 21, 28 and 35 dpi, which was consistent with the pathological observations ( Figure 3 ).
MS analysis and GO annotations
Some protein spots were detected more than once differentially expressed during experiment, resulting less number of identities than the total number of spots. In total, 119 differentially expressed proteins were successfully identified by MALDI-TOF/TOF (Table 1) . These proteins are involved in a wide range of biological processes, including metabolism, immunity, apoptosis, death, tumour development, virus infection and replication. More than 20 of the differentially expressed proteins were directly associated with immunity, apoptosis, tumour development and viral infection and replication, including macrophage migration inhibitory factor (MIF), heat shock protein 90 alpha (Hsp90alpha), and annexin-A1 (Anx-A1).
Based on the GO annotations, more than 50% of the associated biological processes were metabolic processes (GO:0008152, 23.4%), regulations of biological processes (GO:0050789, 17.3%) and responses to stimuli (GO:0050896, 12.7%). In addition, the majority of the associations, with respect to molecular function, were with GO terms such as protein binding (GO:0005515, Figure 3 Comparison of the total numbers of protein spots that were significantly differentially expressed in the MDV-infected thymus at the different time points. A total of 250 protein spots were detected, among which 9, 33, 19, 77, 55, 43 and 14 were detected at 4, 7, 14, 21, 28, 35 and 42 dpi, respectively. Notably, some of the protein spots were detected at least once during the different sampling points, and thus, only 119 protein identities required MS analyses. 27.2%), nucleic acid binding (GO:0003676, 13.6%) and hydrolase activity (GO:0016787, 12.3%). Meanwhile, 7.0% of the proteins were associated with functions such as signal transduction, antioxidation, transcription regulation and receptor binding.
Analysis of the protein functional interaction networks
The STRING Database was used to establish possible interactions among the detected proteins. In this analysis, 16 tumour proteins were identified by interaction analysis, and a network map with the tumour protein p53 (TP53), myc proto-oncogene protein (MYC) and hypoxia-inducible factor 1-alpha (HIF1A) at its core was obtained ( Figure 4) .
Validation of the mRNA expression levels using real-time PCR
To validate the results of the proteomic analysis, the expression levels of ANXA1, MIF, NPM1, OP18 and VIM in the chicken thymus were determined using real-time PCR.
The mRNA expression levels of these proteins were downregulated at 4 dpi and then remained down-regulated for MIF and OP18 and up-regulated for ANXA1 and VIM ( Figure 5 ). These results are consistent with the results of our proteomic analysis (see Table 1 and Figure 5 ). 
Viral infection levels in the thymuses of the MDV-infected chickens
The MDV infection levels in the thymus at seven points were detected using real-time PCR and are shown in Figure 6 . The expression level of gB was transiently increased at 4 and 7 dpi and decreased at 14 dpi, the latent infection phase. The gB expression level was increased again at 21 dpi, suggesting the occurrence of MDV reactivation and transformation, and decreased at 28 dpi. These changes were consistent with the numbers of differentially expressed proteins. After 28 dpi, the mRNA level of gB in the MDV-infected chickens displayed a rapid decrease, and little mRNA was detected at 42 dpi. These changes coincided with the Meq expression levels.
Discussion
The thymus is the specific organ in which the maturation and differentiation of avian T-lymphocytes take place. T lymphocytes, or T cells, are of a key importance to the immune system and are at the core of adaptive immunity. Chickens infected with MDV display thymic atrophy ( Figure 1A ) and eventually the formation of T-cell lymphoma. However, little is known about the underlying mechanisms of this phenomenon. In the present study, 119 proteins differentially expressed in thymus specimens from chickens infected with MDV were identified by twodimensional electrophoresis and mass spectrometry at seven time points. The chicken thymuses displayed severe atrophy at 21, 28 and 35 days after infection with RB1B, and their size gradually returned to normal at 42 dpi. The change in thymus size during the course of the MDV infection may have influenced the expression of cellular structural proteins, enzymes and cytoskeleton proteins. However, we should also note that the 2-DE and real-time PCR analyses were conducted using the same amounts of protein and mRNA, which might exclude the effect of thymus size to some extent. In addition, the change in the cellular composition of the thymus could be affected the total proteome. The thymic atrophy in the chickens infected with MDV has a significant influence on host immune suppression. Permanent immunosuppression tends to correlate with the eventual development of tumours, which enhances our understanding of the mechanisms of T-lymphoma formation.
To better understand host responses to MDV infection, the expression of viral genes (gB and Meq) was detected using real-time PCR (Figure 6 ). We found a good correlation between viral gene product and host differentially expressed proteins. The expression levels of gB and Meq were transiently increased at 4 and 7 dpi and decreased at 14 dpi during the latent infection period. The gB and Meq expression levels were again increased at 21 dpi, suggesting the occurrence of MDV reactivation and transformation ( Figure 6 ). At 21 dpi, the over-expressed viral gene products led to serious changes in protein expression levels and thymic atrophy (Figures 1, 3 and 6 ). These changes could be due to the disease pathology induced by MDV infection. Consistent with the MDV pathogenesis, early cytolytic infection occurred at 3 to 7 dpi and then entered latency, followed by the proliferative/transformation phase, leading to lymphoma formation at approximately 21 to 28 dpi. After 28 dpi, the mRNA levels of gB and Meq in the MDV-infected chickens displayed a rapid decrease, and little mRNA was detected at 42 dpi. This change may be due to the cellular response of lesion regression. It has been reported that lymphomas can occur at any time from approximately 3~4 weeks, and lesion regression can occur after lymphomas [13] .
More interestingly, more than 20 differentially expressed proteins were directly associated with immunity, apoptosis, tumour development and viral infection and replication (Table 1) . Notably, at least nine proteins were identified for the first time in this study: macrophage migration inhibitory factor, heat shock protein 90-alpha, annexin A1, far upstream element-binding protein 1, septin-6, septin-9, betagalactoside-binding lectin, mCG49244 and an unnamed protein product. Among these proteins, some formed a network map encompassing TP53, MYC and HIF1A at its core and are directly associated with immunity, apoptosis, tumour development and viral infection and replication (Figure 4) . Within this map, we found that MIF, HSP90AA1, NPM1, STMN1(OP18) and VIM can interact with the tumour suppressor protein TP53. It has been reported that the Meq oncoprotein directly interacts with p53 and inhibits p53-mediated transcriptional activity and apoptosis [14] . This scenario could provide an interesting link between MEQ and these proteins and enhance our understanding of MDV pathogenesis. The mRNA levels of these proteins were confirmed by real-time PCR (Figure 5 ), and some of these proteins are further discussed in this study.
Roles of the differentially expressed proteins in MDV infection
After MDV infection, the expression of the MIF protein displayed a slight increase at 4 dpi, followed by a downregulation and subsequent increase at 42 dpi. The mRNA expression level of MIF was down-regulated at all stages, which may have resulted for two reasons. First, different mechanisms control the transcription and translation of the MIF gene in chicken thymus, and the mRNA abundance is not always consistent with the protein level. Second, it is possible that the transcription level of the MIF gene is easily influenced by MDV during the early stages of the infection. However, MIF is a pro-inflammatory factor, and its translational level is enhanced by the host's regulatory mechanisms. Notably, the differences in the expression levels of the MIF mRNA and protein could be involved in the MDV infection. It is believed that macrophages transfer the virus to B cells, which are the primary target cells that are infected between 3 and 6 days postinfection [4] . A heavy infiltration of lymphocytes and macrophages occurs around blood vessels at 8-10 days post-MDV infection [15] , and a study has demonstrated that some new MDV strains can replicate in macrophages, which leads to increased macrophage death [16] . MIF is involved in virus infection, and its target cells are mainly macrophages. It has been reported that human cytomegalovirus (HCMV), a herpesvirus, paralyses macrophage motility through the down-regulation of chemokine receptors, reorganisation of the cytoskeleton, and release of MIF [17] . MIF also promotes HIV-1 replication through the activation of HIV-1 long terminal repeats (LTR) [18] . Increased MIF at 4 dpi may promote MDV replication. The down-regulation of MIF indicates a strong macrophage migration activity, and macrophages that carry MDV could spread the MDV infection to other cells. Another protein, Anx-A1, was induced at 7, 21, 28 and 35 dpi and may be associated with MDV infection. Research studies suggest that the annexin family members are involved in the viral replication cycle, which may integrate the regulation of virus infection by forming networks [19] . Nucleolar protein B23 (NPM1), an acidic nucleolar protein, was up-regulated in the thymus of chickens infected with MDV and may indicate the nuclear importation of MDV. It has been demonstrated that NPM1 stimulates the nuclear importation of the HIV-1 Rev protein [20] , and NPM1 is also an important factor for the nucleolar localisation of the HIV protein Tat [21] . The reduction in the Hsp90alpha level during early MDV infection might be related to a latent infection. Hsp90 plays an important role in the replication and infectivity of some herpesviruses, such as herpes simplex virus type 1 [22] , EpsteinBarr virus (EBV) [23] and Kaposi's sarcoma-associated herpesvirus (KSHV) [24] , and is required for the folding, stability and intracellular transport of multiple viral proteins and for the activity of viral polymerases. Taken together, our observations suggest that changes in the levels of these proteins influence MDV replication and infection. However, the specific mechanisms are unknown and will require further study.
The chicken immune response to MDV infection
Suppression of the immune response by MDV infection is a critical feature of the disease. MIF down-regulation may contribute to the inhibition of the immune response. MIF, a classic pro-inflammatory cytokine and a pivotal regulator of innate immunity, promotes innate and adaptive immune responses through the activation of macrophages and T cells [25, 26] . Moreover, it directly inhibits the immunosuppressive actions of glucocorticoids [27] through the suppression of mitogen-activated protein kinase (MAPK) phosphatase-1 (MKP-1) [28] [29] [30] . MKP-1, which is induced by glucocorticoids, inactivates the proinflammatory ERK1/2, JNK, and p38 pathways. Anx-A1, a pivotal regulator of the innate and adaptive immune systems, also promotes immunosuppression [31] . This protein was induced at 7, 21, 28 and 35 dpi and has a powerful suppressive effect on the innate immune system. Recent investigations on the role of this protein in the adaptive immune response have revealed a previously unknown 'dark side' to this protein, that is, it is a positive modulator of T cell activation [32] . High levels of Anx-A1 influence the differentiation of T cells in vivo, and hence, may contribute to the development of T-cell-driven autoimmune diseases.
While heat shock proteins are molecular chaperones, they have also been implicated in the stimulation of the innate and adaptive immune systems [33, 34] . Recent biochemical evidence highlights the role of Hsp90alpha in the endogenous processing of MHC class I antigens, and the absence of Hsp90alpha results in the decreased surface expression of MHC I [35] . Levy et al. [36] reported that RB1B was able to markedly decrease MHC class I expression. In addition, those authors found that MDV pUL49.5 directly down-regulates MHC class I expression [37] , and beta2 microglobulin was also decreased in the bursa of Fabricius of chickens infected with RB1B [6] . A subsequent gene expression study indicated a down-regulation of MHC class II expression in the spleens of MDV-infected chickens [9] . The specific relationship between the down-regulation of HSP90A 
and MHC class I expression during the course of MDV infection is not yet clear. However, these findings indicate that a potential mechanism of immune evasion mediated by MHC expression on cell surfaces might be employed by MDV. In addition, the immune suppression that occurs after MDV infection is not only related to changes in immune-related proteins but may also be associated with immune evasion.
Apoptosis and thymic atrophy after MDV infection
The thymic atrophy of chickens infected with MDV is the most significant manifestation of immune suppression and might be related to apoptosis. Morimura et al. reported that MDV can induce apoptosis and the downregulation of CD8 molecules on peripheral CD4+ T cells and in the thymus, which could contribute to immune suppression [10] [11] [12] . In this study, although we did not detect cell apoptosis by flow cytometry, changes in some proteins indicated apoptosis in the thymuses of the chickens. According to the network of protein-protein interactions in the thymuses infected with MDV, five differentially expressed proteins can interact with P53 ( Figure 6 ). The decreased levels of stathmin/oncoprotein18 (Op18) and MIF may increase the level of p53 and promote p53-mediated apoptosis before T-cell lymphoma formation. It has been demonstrated that MIF suppresses the expression of p53 and its activity [26, 38] . MIF increases resistance to apoptosis by activating the nuclear factor-kappa B (NF-κB) system and repressing the function of p53 [39] . Changes in Op18 may be related to the increase in P53 because p53 is associated with the negative regulation of stathmin expression [40] [41] [42] . In the thymus, this protein was mainly down-regulated and was significantly differentially expressed at 21, 28 and 35 dpi. Lu et al. [6] also reported that Op18 was significantly reduced at 4, 7 and 21 dpi in the bursa of Fabricius of chickens infected with RB1B. In addition, ANX-A1 is relevant to the regulation of cell growth and apoptosis [43, 44] , and ANXA1 overexpression has been shown to promote apoptosis [45, 46] . It has also been reported that ANXA1 expression in leukaemic cells mediates the engulfment of apoptotic cells by macrophages [47] . In short, MDV infection results in immune suppression and the induction of apoptosis, which eventually leads to thymic atrophy.
T-cell lymphoma formation during MDV infection
The Meq oncoprotein of the Marek's disease virus is the major oncogene involved in the induction of tumours and inhibits p53 transcriptional and apoptotic activities by interacting with p53 [14] . Permanent immunosuppression tends to correlate with the eventual development of tumours. The role of host proteins associated with tumour growth and metastasis in the formation of T-cell lymphoma cannot be ignored. MIF, a negative regulator of the important tumour suppressor p53, is involved in tumour occurrence and evolution [48] [49] [50] . A significant amount of evidence indicates that MIF influences several important biological mechanisms and processes by which tumours thrive and spread. One of the most important of these mechanisms is the modulation of hypoxic adaptation within the tumour microenvironment through the direct promotion of the hypoxia-induced stabilisation of HIF-1α [51] . We speculate that the increased level of MIF protein observed at 42 dpi may indicate hypoxic adaptation within the tumour microenvironment. Anx-A1 is directly related to tumour development [52] . This protein was induced at 7, 21, 28 and 35 dpi and could be a key host factor that enhances the formation of T-cell lymphomas. Strong evidence for this process is provided by the finding that the increased expression of Anx-A1 promotes tumour growth, invasion and metastasis in gastric carcinoma [53] , melanoma [54] , breast cancer [55] and colorectal cancer [56] . Using AnxA1-knock out (KO) mice, it has been determined that tumour growth and metastasis are significantly decreased, whereas rodent survival and tumour necrosis are significantly increased when tumours grow in AnxA1-KO mice [57] . In addition, the upregulation of several cytoskeletal network proteins, e.g., vimentin, beta-actin and keratin (type I cytoskeletal 15), also promotes tumour growth and metastasis. Research suggests that vimentin, a major intermediate filament (IF) protein of mesenchymal cells, is very important for tumour growth and metastasis [58, 59] . Beta-actin specifically controls cell growth and migration [60] , and an increase in beta-actin levels correlates with a higher level of invasiveness for a select hepatoma in Morris 5123 cells [61] . Changes in these proteins indicate that MDV infection and T-cell lymphoma formation involve the host cytoskeleton. Nucleolar protein B23 (NPM1) plays multiple roles in cell growth and proliferation [62] . Thanthrige-Don et al. also reported an up-regulation of beta-actin and NPM1 in the spleens of MDV-infected chickens [5] . Interestingly, a report has shown that the interaction between Meq and Hsp70 is significant during MDV oncogenesis [63] . However, the biological consequences of the Meq-Hsp70 interaction are not clear. Finally, HSP90A was reduced at 21 dpi; however, whether HSP90 can interact with Meq and affect Meq carcinogenicity remains to be studied. In addition, septin 9 and septin 6 levels were significantly decreased in the thymuses of chickens infected with MDV. Septins are a highly conserved family of GTP-binding cytoskeletal proteins implicated in oncogenesis [64, 65] . Septin 9 (SEPT9), a DNA methylation-based biomarker, has been functionally linked with oncogenesis through its activation of the hypoxia-inducible factor-1 (HIF-1) pathway, which promotes tumour progression, and the c-Jun-N-terminal kinase (JNK) pathway, which plays an important role in cell proliferation, cell transformation, and tumour progression [66, 67] . The differential expression of heterogeneous nuclear ribonucleoproteins (hnRNPs), including HnRNP A / B, HnRNP A2/B1, HnRNP H, and HnRNP C1/C2, was also detected in this study. These proteins play key roles in tumour development and progression [68] . Studies have shown that hnRNP A2 / B1 and hnRNP A1 can combine their telomere DNA sequences and that their encoded protein isoforms can interact with the telomerase. Tumour cells fail to enter senescence due to their telomere lengths, which are maintained by telomere-bound proteins that recruit the enzyme telomerase [68, 69] . Currently, the roles of septins and hnRNPs in MD tumour progression are not clear and require further study.
Conclusions
This paper provides a proteomic profiling of host responses to MDV in the thymus of chickens. Changes in protein levels partially elicited the mechanisms involved in MDV oncogenesis and pathogenesis. The functions of these proteins will be verified in our future works.
Methods
Experimental animals and virus
All chickens used in this study were 1-day-old specificpathogen-free white Leghorns obtained from Merial Vital (Laboratory Animal Technology Co., Ltd., Beijing, China). The chickens were housed in an isolation facility at the College of Veterinary Medicine, Yangzhou University. The RB1B strain of very virulent MDV was maintained in the laboratory.
Experimental design
The experimental work was performed as reported previously [6] . Briefly, a total of 48, 1-day-old birds were randomly divided into infected and uninfected control groups and kept in separate units under similar environmental conditions. The infected group (n = 24) was given 800 plaque-forming units of the RB1B virus intraperitoneally at 1 day old. At 4, 7, 14, 21, 28, 35 and 42 dpi, six chickens (three infected and three uninfected control birds) were sacrificed, and the whole thymus was excised rapidly, rinsed with ice cold phosphate-buffered saline (PBS, pH 7.4) to remove blood contaminants and immediately stored in liquid nitrogen until the proteomic and real-time PCR analyses. The animal experiments were conducted in accordance with the guidelines provided by the Chinese Council on Animal Care. All experiments complied with institutional animal care guidelines and were approved by the University of Yangzhou Animal Care Committee (protocol number 06R015).
Sample preparation
The samples of thymus protein were prepared as previously described [6] . Frozen thymus tissue was ground into a fine powder in liquid nitrogen with a pre-chilled mortar and pestle. This ground tissue was used for both the protein and real-time PCR analyses. Five milligrams of ground tissue was dissolved directly in 1.0 ml of extraction buffer (8 M urea, 2 M thiourea, 2% CHAPS, 60 mM DTT (dithiothreitol), 0.2% Bio-Lyte 3∕ 10 ampholyte, 0.1% Bio-Lyte 5∕ 8 ampholyte and 0.001% bromophenol blue) and shaken on ice for 2 h. A cocktail of protease inhibitors (Sigma) was added every two hours during sample preparation to protect the proteins from degradation. The homogenate was sonicated, gently shaken on ice for 4 h and subsequently centrifuged at 16,000 g (5415 R Eppendorf) for 70 min (16°C). The supernatant was collected and stored at −20°C. Protein concentrations were determined using the Bradford method [70] .
2-DE
Protein sample (300 μg) was incubated for 30 min at 20°C in 400 μl rehydration buffer (8 M urea, 2 M thiourea, 2% CHAPS, 60 mM DTT, 0.2% Bio-Lyte 5∕ 8 ampholyte, 0.2% Bio-Lyte 3∕ 10 ampholyte and 0.001% bromophenol blue) and centrifuged at 16,000 g (5804 R Eppendorf ) for 10 min (16°C). The supernatant was collected, and ReadyStrip IPG strips (17 cm, pH 3-10 nonlinear gradient, BioRad) were rehydrated overnight at 20°C in a PROTEAN IEF focusing tray (Bio-Rad, USA). After rehydration, isoelectric focusing (IEF) was performed at 20°C using a Protean IEF Cell (Bio-Rad, USA) and the following conditions: 250 V, slow, 0.5 h; 500 V, linear, 0.5 h; 1000 V, rapid, 1 h; 8000 V, linear, 4 h; 8,000 V, rapid, 55,000 V-hr; 500 V, rapid, any time. After IEF, the IPG strips were incubated in SDS-PAGE equilibration buffer I (6 M urea, 0.375 M Tris-HCl, pH 8.8, 2% (w/v) SDS, 20% (v/v) glycerol and 2% (w/v) DTT) and buffer II (the DTT was replaced with 2.5% (w/v) iodoacetamide), with a 10-min incubation for each buffer. The strips were then loaded onto 11% homogeneous acrylamide gels and sealed with 0.5% (w/v) aga rose in SDS running buffer (25 mM Tris base, 192 mM glycine, 0.1% (w/v) SDS). The second dimension, the SDS-PAGE, was run at 20°C using a PROTEAN II MultiCell (Bio-Rad, USA). The run was first conducted at 16 mA/gel for 30 min followed by 24 mA/gel for 5 h. The gels were stained using the colloidal Coomassie stain method [71] and Brilliant Blue G-250.
Image analysis
The stained gels were scanned at a 600 dpi (dots per inch) resolution using a PowerLook 2100XL scanner (Umax, USA). Automated detection and matching, quantification and annotation of spots were performed using the PDQuest software package (version 8.0.1, Bio-Rad). The 2-DE was performed with three infected and three uninfected control bird samples, and each sample was repeated 2~3 times. Finally, we selected three representative gels for the control group and three for the infected group, the reproducibility within each group was approximately 85% or better. The gel images were then normalised according to the total quantity in the analysis set. Protein spots (FC≥2) were compared using Student's t-test and the Statistical Package for the Social Sciences (version 16.0). Spots that had both P≤0.05 and ≥2-fold difference in mean normalised volumes were considered significantly different.
Protein identification
Differentially expressed protein spots from fresh CCBstained gels were excised and plated in 96-well microtitre plates. The excised spots were first destained twice with 60 μl of 50 mM NH 4 HCO 3 and 50% acetonitrile and subsequently dried twice with 60 μl of acetonitrile. The dried pieces of gel were then incubated in ice-cold digestion solution (12.5 ng/μl trypsin and 20 mM NH 4 HCO 3 ) for 20 min and transferred into a 37°C incubator for an overnight digestion. Finally, the peptides in the supernatant were collected after being extracted twice with 60 μl of the extraction solution (5% formic acid in 50% acetonitrile).
The peptide solution described above was dried under the protection of N 2 . A 0.8 μl aliquot of matrix solution (5 mg/ml α-cyano-4-hydroxy-cinnamic acid diluted in 0.1% TFA, 50% ACN) was pipetted to dissolve it and subsequently spotted onto a matrix-assisted laser desorption ionisation (MALDI) target plate (Applied Biosystems). The MS analysis of the peptides was performed using an ABI 4700 TOF-TOF Proteomics apparatus (Applied Biosystems). The ultraviolet (UV) laser was operated at a 200 Hz repetition rate with a wavelength of 355 nm. The accelerated voltage was operated at 20 kV, and the mass resolution was maximised at 1500 Da. Myoglobin digested with trypsin was used to calibrate the mass instrument using the internal calibration mode. All the spectra acquired from the samples were processed using 4700 ExploreTM Software (Applied Biosystems) in the default mode. The data were searched using GPS Explorer (v3.6) with the search engine MASCOT(2.1). The search parameters were as follows: the database, NCBInr; taxonomy, Viridiplantae (green plants); the protein molecular mass, from 700 to 4000 Da; trypsin digestion with one missing cleavage; MS tolerance, 100 ppm; and MS/MS tolerance, 0.6 Da. Proteins with scores greater than 71 or a best ion score (MS/MS) of more than 30 were considered to be significant (P<0.05). This work was performed in collaboration with the Proteome Research Center of Fudan University. Typically, ten identities from one spot were provided, and the proteins of Gallus gallus (species) and the highest scores were selected according to the criteria for the determination of proteins, as provided by the Proteome Research Center of Fudan University.
Gene Ontology (GO) annotation using the Agbase database
The proteins were analysed using the AgBase database (http://www.agbase.msstate.edu). The list of accession numbers was entered into GORetriever to return all existing GO annotations available for that dataset. GORetriever also provides a list of proteins without GO annotation and enters this second list into GOanna to retrieve GO annotations assigned on the basis of sequence similarities. The resulting annotations were summarised on the basis of the GOA whole proteome GOSlim set using GOSlimViewer.
Protein functional interaction network analysis
The functional interaction networks of the proteins were analysed using STRING (http://string.embl.de), which is a database of known and predicted protein interactions and includes direct (physical) and indirect (functional) associations. The list of protein names was entered into a table to provide the network of protein-protein interactions. The Occurrence and Coexpression programs provided the functional associations of the proteins. Functionally associated proteins often have similar phylogenetic profiles and/or display the phenomenon of co-expression.
Real-time PCR
The expression levels of ANXA1, MIF, OP18, VIM and NOM1 in the thymus of the chickens were determined using real-time PCR (7500 Real-Time PCR System, ABI). The sequences of the primers are provided in Table 2 , and the primer sequences for MIF, GAPDH and Meq have been previously reported [72, 73] . The primers were synthesised by Shenergy Biocolor Bioscience & Technology Company (Shanghai, China). Total RNA was prepared from ground thymus tissue using the AxyPrep ™ Multisource Total RNA Miniprep kit (AXYGEN, USA). Total RNA (1 μg) was reverse transcribed into firststrand cDNA using the PrimeScript RT Master Mix (TaKaRa, USA) following the manufacturer's instructions, and the synthesised cDNA was diluted 1:10 with nuclease-free water. Diluted cDNA (1 μl), 400 nM primers and 10 μl of SYBR Green Master Mix were used for the real-time PCR in a final volume of 20 μl. The amplification conditions were: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, and 60°C for 34 s. Dissociation curves were generated to analyse the individual PCR products after 40 cycles. The expression levels of five proteins were normalised against the expression of
